8-oxo-dGuo ͉ DNA strand breaks ͉ tobacco carcinogens ͉ reactive oxygen species P olycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants, which are produced as a result of fossil-fuel combustion and are found in car exhaust and charbroiled and smoked foods (1, 2). They are also present as mixtures in tobacco smoke and are implicated in the causation of human lung cancer (3). To exert their carcinogenic effects, PAHs must be metabolically activated to DNA-damaging agents that will result in the signature mutations in lung cancer. These mutations are G-to-T transversions that either activate the K-ras protooncogene at the 12th and 61st codon (4) or inactivate the p53 tumor suppressor gene at hot spots in its DNA binding domain (5).
Polycyclic aromatic hydrocarbons (PAHs) are tobacco carcinogens implicated in the causation of human lung cancer. Metabolic activation is a key prerequisite for PAHs to cause their deleterious effects. Using human lung adenocarcinoma (A549) cells, we provide evidence for the metabolic activation of (؎)-trans-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene (B[a]P-7,8-trans-dihydrodiol) by aldo-keto reductases (AKRs) to yield benzo[a]pyrene-7,8-dione (B[a]P-7,8-dione), a redox-active o-quinone. We show that B[a]P-7,8-trans-dihydrodiol (AKR substrate) and B[a]P-7,8-dione (AKR product) lead to the production of intracellular reactive oxygen species (ROS) (measured as an increase in dichlorofluorescin diacetate fluorescence) and that similar changes were not observed with the regioisomer (؎)-trans-4,5-dihydroxy-4,5-dihydrobenzo[a]pyrene or the diol-epoxide, (؎)-anti-7,8-dihydroxy-9␣,10␤-epoxy-7,8,9,10-tetrahydro-B[a]P. B[a]P-7,8-trans-dihydrodiol and B[a]P-7,8-dione also caused a decrease in glutathione levels and an increase in NADP ؉ /NADPH ratios, with a concomitant increase in single-strand breaks (as measured by the comet assay) and 7,8-dihydro-8-oxo-2-deoxyguanosine (8-oxo-dGuo).
The specificity of the comet assay was validated by coupling it to human 8-oxo-guanine glycosylase (hOGG1), which excises 8-oxo-Gua to yield single-strand breaks. The levels of 8-oxodGuo observed were confirmed by an immunoaffinity purification stable isotope dilution ([ 15 N5]-8-oxo-dGuo) liquid chromatographyelectrospray ionization/multiple reaction monitoring/mass spectrometry (LC-ESI/MRM/MS) assay. B[a]P-7,8-trans-dihydrodiol produced DNA strand breaks in the hOGG1-coupled comet assay as well as 8-oxo-dGuo (as measured by LC-ESI/MRM/MS) and was enhanced by a catechol O-methyl transferase (COMT) inhibitor, suggesting that COMT protects against o-quinone-mediated redox cycling. We conclude that activation of PAH-trans-dihydrodiols by AKRs in lung cells leads to ROS-mediated genotoxicity and contributes to lung carcinogenesis. 8 -oxo-dGuo ͉ DNA strand breaks ͉ tobacco carcinogens ͉ reactive oxygen species P olycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants, which are produced as a result of fossil-fuel combustion and are found in car exhaust and charbroiled and smoked foods (1, 2) . They are also present as mixtures in tobacco smoke and are implicated in the causation of human lung cancer (3). To exert their carcinogenic effects, PAHs must be metabolically activated to DNA-damaging agents that will result in the signature mutations in lung cancer. These mutations are G-to-T transversions that either activate the K-ras protooncogene at the 12th and 61st codon (4) or inactivate the p53 tumor suppressor gene at hot spots in its DNA binding domain (5) .
Using benzo[a]pyrene (B[a]P) as a representative PAH, three pathways of activation have been proposed that lead to these mutations. The first pathway involves the formation of (ϩ)-anti-7␣,8␤-dihydroxy-9␣,10␤-epoxy-7,8,9,10-tetrahydroB[a]P {(Ϯ)-
anti-B[a]PDE}.
In this pathway there is sequential monoxygenation catalyzed by cytochrome P450 (P450) 1A1/1B1 and hydration to form 7␣,8␤-dihydroxy-7,8-dihydroxy-B[a]P, which undergoes a secondary monoxygenation to form (ϩ)-anti-B[a]PDE (6) . This diol-epoxide forms stable (ϩ)-anti-trans-B[a]PDE-N 2 -2Ј-deoxyguanosine (dGuo) adducts, which via trans-lesional bypass DNA polymerases, yield G-to-T transversions (7) .
The second pathway involves metabolic activation by P450 peroxidases to yield radical cations (8) , which can form depurinating adducts that lead to abasic sites. Apurinic/apyrimdinic (AP) sites, if not repaired, can give rise to G-to-T transversions (9) . However, it is unlikely that radical cations are sufficiently long-lived to damage DNA in intact cells.
The third pathway of PAH activation is the NAD(P ϩ )-dependent oxidation of PAH-trans-dihydrodiols to PAH oquinones catalyzed by dihydrodiol dehydrogenase members of the aldo-keto reductase (AKR) superfamily (10) . AKRs divert PAH trans-dihydrodiols to form ketols that spontaneously rearrange to catechols (Scheme 1). The catechols undergo two one-electron oxidation events to produce the corresponding redox-active and electrophilic o-quinones. PAH o-quinones can form stable and depurinating DNA adducts in vitro (11, 12) , and these adducts may provide a route to G-to-T transversion mutations.
In the presence of NAD(P)H, PAH o-quinones also undergo nonenzymatic reduction back to catechols. This event establishes futile redox cycles, which amplify the generation of reactive oxygen species (ROS) at the expense of NADPH and may lead to a prooxidant cellular state. Because a prooxidant state has been associated with tumor initiation and promotion (13) , the AKR pathway of PAH activation is attractive in that it could explain how PAHs act as complete carcinogens. In addition, ROS may cause oxidative DNA damage such as 7,8-dihydro-8-oxo-2Ј-deoxyguanosine (8-oxo-dGuo) lesions, which can lead to G-to-T transversions (14) . Amplification of ROS by catechol-oquinone interconversion has also been proposed as a cause of estrogen carcinogenesis (15) .
Using a yeast gap repair assay to detect p53 mutations, Yu et al. (16) showed that PAH o-quinones were more potent as mutagens than (Ϯ)-anti-7,8-dihydroxy-9␣,10␤-epoxy-7,8,9,10-tetrahydroB[a]P (anti-B[a]PDE) provided that the o-quinones were allowed to redox cycle. Furthermore, the mutation pattern observed was dominated by G-to-T transversions. These mutations were suppressed by ROS attenuators. Recent HPLCelectrochemical detection (ECD) analysis showed that there was a direct linear correlation between 8-oxo-dGuo formation and mutagenic frequency in p53 observed with PAH o-quinones (17) .
Five human AKR isoforms including aldehyde reductase (AKR1A1) and hydroxysteroid dehydrogenases AKR1C1-AKR1C4 have been implicated in PAH activation (10). Jiang et al. (18, 19) In the A549 cell extracts B[a]P-7,8-trans-dihydrodiol was converted to B[a]P-7,8-dione, which was trapped with ␤-mercaptoethanol in situ as a thio-ether conjugate. The conjugate was identified by coelution with an authentic synthetic standard that was characterized by LC-atmospheric pressure chemical ionization (APCI)/MS, as described ( Fig. 1 A and C) (18, 19) . The formation of B[a]P-7,8-dione was maximal at the (Fig. 2 A) , suggesting that the signal was ROS-dependent. (Fig. 2D) . Inclusion of a mixture of ROS attenuators desferal and ␣-tocopherol decreased the B[a]P-7,8-trans-dihydrodiol-mediated and B[a]P-7,8-dione-mediated fluorescence intensities by Ͼ50% and 66%, respectively (Fig. 2D) . (Fig. S3A) . The amounts of GSH were measured by HPLC-ECD (23), and (Fig. S3B) . The amounts of NADP ϩ and NADPH were measured by enzymatic cycling after destruction of the oxidized or reduced pyridine nucleotide (24) . The assays were validated by spiking known amounts of the analyte where recovery was Ͼ95%. Thus, prolonged exposure with both B[a]P-7,8-trans-dihydrodiol and B[a]P-7,8-dione resulted in a prooxidant state in A549 cells.
The Use of hOGG1-Coupled Comet Assay for Detecting 8-Oxo-dGuo and Its Validation by LC-ESI/MS. The ability of B[a]P-7,8-transdihydrodiol to induce 8-oxo-dGuo formation in lung cells is
hampered by the difficulty in detecting 8-oxo-dGuo levels reliably in cellular DNA (25) . To assess 8-oxo-dGuo levels in cells, the single-cell gel electrophoresis (comet) assay was coupled with hOGG1, which catalyzes the excision of 8-oxo-dGua to yield DNA stand breaks. KBrO 3 , a cellular oxidant that is known to cause 8-oxo-dGuo formation, was used as a positive control (26) .
Without hOGG1 treatment, KBrO 3 alone did not induce sufficient levels of DNA strand scission in lung cells when compared with Hanks' buffered salt solution (HBSS) control (Fig. 3 A and B) . The inclusion of hOGG1 produced significantly more DNA strand breaks in KBrO 3 -treated A549 cells than were observed in its absence ( Fig. 3 A and B) . The detection of 8-oxo-dGuo by the hOGG1-coupled comet assay was validated by using a stable isotope ([ 15 N 5 ]-8-oxo-dGuo) dilution LC-ESI/multiple reaction monitoring (MRM)/MS assay coupled with immunoaffinity purification to analyze the oxidatively damaged DNA (Fig. 3C) . The results show that the coupled assay provides a good estimate for 8-oxo-dGuo present in KBrO 3 -treated A549 cells. Furthermore, when this assay was applied to H358 cells a direct linear correlation between strand breaks and 8-oxo-dGuo observed in the LC-MS assay (R 2 ϭ 0.9305) was observed (Fig. 3D ). This assay could thus be used to measure the abundance of 8-oxo-dGuo reliably in lung cells treated with B[a]P-7,8-trans-dihydrodiol. Fig. 4 A and B) .
A similar pattern was observed in the formation of 8-oxo-dGuo in A549 cells when measured by LC-MS. The COMT inhibitor increased the formation of 8-oxo-dGuo in B[a]P-7,8-transdihydrodiol-treated cells, showing that this lesion was produced by ROS formed during the redox cycling of B[a]P-7,8-dione produced by the AKR pathway (Fig. 4C) .
Discussion
We have demonstrated that the AKR pathway for PAH transdihydrodiol activation results in ROS formation and a prooxidant cellular state and causes oxidative DNA damage (hOGG1-specific DNA strand breaks and 8-oxo-dGuo) in human lung adenocarcinoma A549 cells.
Our recent metabolism studies showed that the P450 1A1/1B1 and the AKR pathways can effectively compete for B[a]P-7,8-transdihydrodiol activation in AKR1A1 stably transfected H358 cells (19) . In the present work, we exploited A549 cells because they have high constitutive expression of AKR1C1-1C3 isoforms (20) . It has also been reported that P450 1A1/1B1 can be induced via the aryl hydrocarbon receptor (AhR) in A549 cells (27) , suggesting that these cells could be used to examine both pathways without genetic manipulation. Our metabolism studies using P450 1A1/1B1- We
with DCFH-DA, and this effect is suppressed by ROS attenuators (Fig. 2 A) . Because ROS formation is not observed in A549 cells treated with either a regioisomer of B[a]P-7,8-transdihydrodiol (B[a]P-4,5-trans-dihydrodiol) or a product of further P450 metabolism (anti-B[a]PDE), PAH-metabolite induced ROS formation is solely AKR-dependent (Fig. 2B) . The fluorescent signal was also nuclear in localization, indicative of a transport mechanism for B[a]P-7,8-dione (Fig. 2 A and B and Fig. S1, arrow) . We have reported that this PAH o-quinone acts as a ligand for the AhR (28) . These findings suggest that ROS-mediated DNA damage by PAH o-quinones may depend on transport by the AhR.
Treatment of A549 cells with B[a]P-7,8-trans-dihydrodiol or B[a]P-7,8-dione caused a decrease in GSH levels with a concomitant increase in the intracellular NADP ϩ /NADPH ratio (Fig. S3) . Interestingly, the bolus addition of B[a]P-7,8-dione also caused a decrease in oxidized glutathione, which likely reflects GSH-conjugate formation. The B[a]P-7,8-dione-GSH conjugate is redox-active in its own right (T.M.P., unpublished observation). Thus the changes in the NADP ϩ /NADPH ratio are likely associated with PAH metabolite-mediated ROS formation, the elimination of peroxides by the GSH peroxidase system, and depletion of NADPH. Similar changes in redox state have been observed in V79 cells after treatment with p-quinones (29) .
PAH o-quinones produced by AKRs cause oxidative DNA damage in the form of 8-oxo-dGuo in vitro (30) . However, whether 8-oxo-dGuo could be detected reliably as a result of PAH activation by AKRs in intact cells was unknown. To test this possibility, hOGG1 was coupled to the comet assay technique (26) . hOGG1 is a base excision repair enzyme, which excises 8-oxo-Gua from DNA (31) . This reaction results in the formation of AP sites that through a ␤-elimination process subsequently causes overt strand breaks in the DNA. The hOGG1-coupled comet assay made it possible to detect 8-oxo-dGuo as DNA strand breaks in human lung A549 cells after PAH treatment. However, because hOGG1 can recognize 2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy-Gua) that can be formed by ROS, caution was required in measuring 8-oxo-dGuo, especially when using the hOGG1-coupled comet assay alone. Our LC-MS data provides confidence that the hOGG1-coupled comet assay is a semiquantitative method to detect 8-oxo-dGuo in lung cells (Fig. 3) .
The hOGG1-coupled comet assay showed that B[a]P-7,8-transdihydrodiol generated overt strand breaks in A549 cell DNA. Furthermore, the fact that the COMT inhibitor amplified B[a]P-7,8-trans-dihydrodiol-mediated DNA strand breaks and 8-oxodGuo formation in the cellular DNA indicates that these events occur as result of AKR-dependent conversion of B[a]P-7,8-transdihydrodiol to B[a]P-7,8-dione and its subsequent redox cycling back to the catechol (Fig. 4) . These findings suggest that AKRdependent PAH activation can induce ROS and the ROS formed causes oxidative DNA damage in the form of 8-oxo-dGuo in human lung cells.
Although the formation of covalent PAH-DNA adducts has been extensively studied as a known mechanism for PAH carcinogenesis (2, 3, 6) , our study suggests that formation of PAH-mediated oxidative DNA damage may also contribute to carcinogenesis. PAHs have previously been reported to cause oxidative DNA damage in vitro and in vivo when using methods of varying sensitivity and specificity (32, 33) . Base modifications such as thymine glycol, etheno adducts, and 8-oxo-dGuo all have been detected upon PAH exposure (34) . However, the mechanism by which PAH can cause oxidative DNA damage has been uncertain. Our results show that AKR-dependent PAH activation can account for the oxidative DNA damage caused by parent PAHs and PAH transdihydrodiols. In addition, our in vitro p53 mutagenesis studies showed that PAH o-quinones produced by AKRs generate 8-oxodGuo and cause G-to-T transversions in p53 cDNA, and that these effects were abolished by ROS scavengers (16, 17) , suggesting a direct relationship between oxidative DNA damage and the observed mutational pattern in p53.
Interestingly, the loss of heterozygosity of hOGG1 has been associated with the development of lung cancer (35) . Polymorphism in the hOGG1 gene locus and loss of heterozygosity both increase lung cancer susceptibility (36) . Patients exhibiting loss of heterozygosity of hOGG1 gene had high levels of 8-oxo-dGuo in their DNA (37) . In addition, hOGG1 activity was decreased in peripheral blood monocytes of patients with NSCLC (38) , and 8-oxo-dGuo levels were significantly higher in leucocytes of lung cancer patients and healthy smokers when compared with healthy nonsmokers (39) . This finding suggests that during lung cancer development, cells may have an increased mutational load because of the inability to repair 8-oxo-dGuo.
Clinical and epidemiological studies support the concept that AKR isoforms, which lead to oxidative DNA damage, can contribute to the initiation of lung cancer (21, 22) . Moreover, AKR expression in human oral squamous cell carcinoma has been observed after areca-quid chewing in combination with smoking (40) . Exposure of human buccal cells to 1-hydroxychavicol (a major ingredient of areca-quid) induced AKR1C1, and subsequent treatment with B[a]P caused a decrease in bulky stable adducts as measured by [ 32 P]-postlabeling together with a concomitant increase in 8-oxo-dGuo as measured by HPLC-ECD. Unfortunately, the analytical methods used in these studies had questionable specificity.
In summary, our data show that oxidation of B[a]P-7,8-transdihydrodiol to B[a]P-7,8-dione by AKRs results in ROS generation, a prooxidant cellular state, and oxidative DNA damage in human lung A549 adenocarcinoma cells. These results provide strong evidence that AKR-dependent PAH activation and the resultant ROS formation could contribute to PAH-mediated lung mutagenesis and carcinogenesis. 
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